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Controlled release of drugs from polymeric implants has been
studied extensively, and has mainly focused on achieving
zero-order release in time.'”) However, many therapeutic
applications do not require constant drug release, or in the
case of habituation or resistance to medication, even benefit
from pulsatile administration, such as post-surgical pain
control and the treatment of infections.**! By non-invasive
external triggering” ' of drug release from an implant,
localized pulsewise administration can be realized according
to the patient’s needs, thus allowing for lower doses of potent
drugs and thereby reducing the toxic side effects commonly
associated with systemic administration. Controlling the
precise level and location of a drug in the human body can
thus greatly improve drug safety and efficacy.'”!

External regulation of on-demand drug release has been
reported using a number of different stimuli.’! Release based
on polymer degradation or dissolution has been induced by
ultrasound”®! and electrical triggering,!¥ but these mecha-
nisms prohibit long-term applications. Electrochemical™! or
electrothermal activation has been applied for drug deliv-
ery from multireservoir microchips that require complex
multistep lithographic fabrication. Alternatively, thermal
triggers can be used for non-destructive on-off switching of
drug release based on the lower critical solution temperature
(LCST).'%11 Oscillating magnetic fields,"® near-infrared
radiation,'*'” and a radiofrequency field®” have been used
for non-invasive thermal triggering. However, the attained
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on—off ratios using the LCST transition are limited to values
in the order of 70, and the relatively high leakage in the off-
state reduces the effective lifetime of the implant.['31419.21.22]

Herein we show that the large variation in diffusivity
occurring near the glass transition temperature 7, of a
polymer™ can be used to activate drug release by thermal
triggering. To demonstrate the effect of temperature on the
release of ibuprofen near the 7, of poly(p,L-lactic acid)
(PLDL; T, midpoint = 56°C, T, trajectory = 50-60°C, FDA-
approved polymer), we placed compounded strands of
polymer oversaturated with ibuprofen in a water bath at
37°C. Transferring the strands into a bath at 55°C resulted in
a stepwise release of ibuprofen with an on—off ratio of about
400 (Figure 1a). During the 15-minute release pulses, the
amount of ibuprofen liberated was very reproducible ((60.9 +
12.6) pg from an implant initially consisting of about 60 mg of
ibuprofen and about 90 mg of polymer), which can be
attributed to oversaturation of ibuprofen. This oversaturation
ensures replenishment of released ibuprofen by partial
dissolution of the drug crystals, thus providing a constant
concentration of ibuprofen dissolved in the polymer and,
consequently, a constant driving force for release (Figure 2).
Although the large plasticizing effect of ibuprofen decreases
the 7, of the polymer to about 0°C, no significant release is
found at 37°C, which can be attributed to the self-sealing
property of the system. As the diffusion coefficient of
ibuprofen outside the strand (D=10"°m?s™') is much
higher than inside the polymer (D < 10™* m*s™?), the ibupro-
fen surface concentration is close to zero, resulting in a
concentration gradient in the surface layer of the polymer
strand (see the Supporting Information). This gradient causes
a T, profile, with the highest T, located at the polymer/water
interface. Therefore, although the bulk polymer is in the
rubbery state, the outer surface of the polymer is in a glassy
state, providing a switching layer (Figure 2), which based on
diffusion theory is in the order of 10 um (see the Supporting
Information). This self-sealing mechanism accounts for the
extremely low release in the off-state and, in addition,
provides an intrinsic safety precaution, as rupture of the
implant will not result in dose dumping. Drug release is thus
controlled by changing the temperature of this switching layer
around T,. The generality of this concept was investigated by
varying both the polymer matrix and the released drug. The
use of poly(butyl methacrylate-star-methyl methacrylate)
(PBMA-MMA ; M,, =150 kDa; T, midpoint = 46 °C) as poly-
mer matrix containing 40 wt % ibuprofen resulted in on/off-

Chemie

9867


http://dx.doi.org/10.1002/anie.200904172

Communications

9868

a)
600+
A‘ 516 T’;:
400 250 367
M,/vg 3.03
o
200 ]
0 i 001 0,01 0.01 001 | 001
T 551
T/°C
37
0 100 200 300 400
t/h ——
b)
30+

826313

Laser

OFF

200 300

t'h —

0 100

Figure 1. On-demand drug release from a polymeric matrix using NIR
as external trigger. a) Repeated on-off switching of a PLDL strand
(weight~150 mg) containing ibuprofen crystals in phosphate-buffered
saline (PBS) by transferring the strand from a 37°C to a 55°C water
bath. b) Surface temperature increase (AT) of a PLDL strand dip-
coated with dye-doped PLDL ([QBDC]: 6000 ppm) at different laser
powers (@ 200 mW, 0 270 mW, ¥ 350 mW, A 450 m\W, m 550 mW,

0 650 mW, and & 750 mW). c) Repeated on—off switching of a PLDL
strand oversaturated with ibuprofen and dip-coated with dye-doped
PLDL (J[QBDC]: 15000 ppm) in PBS (T=37°C) induced by NIR laser at
a power of 750 mW. In (a) and (c), circles represent cumulative release
M,, and bars indicate the average release rate dM,/dt in a certain time
interval. Each on-switch lasts 15 min.

ratios of circa 30, thus demonstrating the generality of the
presented concept (see the Supporting Information). A
higher off-release with PBMA-MMA as polymer matrix
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Figure 2. Overview of the glass transition switch. a) Drug release from
a subdermal implant can be remotely switched on using a “watch-
type” triggering device. b) The crystals in the implant ensure a
constant saturated concentration of dissolved drug. c) The surface of
the implant is glassy owing to the concentration profile in the
switching layer, making the implant “self-sealing”. T,=glass transition
temperature, C=drug concentration.

causes the lower on—off ratios compared to PLDL. The exact
nature of the different behavior of the PBMA-MMA and
PLDL is not yet understood, but is most likely related to drug
solubility, polymer—drug interactions and/or differences in
polymer free volume, which are all affected by ibuprofen
loading.? The in vitro release of vanillin from PLDL was also
investigated revealing on-off ratios of about 50 upon switch-
ing from 37°C to 55°C (see the Supporting Information).
Decreasing the off-temperature to 25°C strongly increased
the on/off-ratio to over 1000, indicating the broader applica-
bility of the reported concept.

To remotely induce the required temperature change,
near-infrared radiation (NIR) was applied as external trigger.
The minimum in absorption of blood and tissue material
around 780 nm allows a significant penetration depth of NIR
in tissue.[>* This wavelength can effectively be transformed
into heat by a quaterrylenebis(dicarboximide) derivative
acting as a dye with a high quantum yield of thermal
relaxation.””! This dye is reported to be non-toxic, thus
permitting safe application in biomedical devices.™ To
ensure sufficient heating by NIR, the implant was dip-
coated with a layer of PLDL containing the dye. The glass
transition temperature of the polymer coating is hardly
influenced by addition of the dye at these low concentrations
(in the range of 1% w/w). Figure 1b displays heating of
coated PLDL rods, clearly demonstrating a rapid increase in
surface temperature with initial heating rates up to 2°Cs™". In
this system, steady-state surface temperatures are attained
within 1-2 min. The heating rate and the increase in temper-
ature can be controlled by the NIR intensity applied. The use
of NIR for repeated in vitro ibuprofen release from PLDL
implants is demonstrated in Figure 1c. The off-situation is
characterized by a very low release rate (<0.01 pgmin™?),
whereas high release rates of approximately 8-10 pgmin * are
obtained in the on-state, leading to on—off ratios of more than
1000. Reproducibility tests, in which three separate implants
were triggered twice, revealed a relative standard deviation of
18 % for the amount of ibuprofen released in 15 min.
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The potential of this drug delivery concept was further
explored by performing in vivo experiments with male
Sprague-Dawley rats (Figure 3). To avoid the surrounding
tissue from being exposed to excessive temperatures
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Figure 3. NIR-induced in vivo release from PLDL strands oversaturated
with ibuprofen and dip-coated with dye-doped PLDL ([QBDC]:

6000 ppm) implanted subdermally in the back of male Sprague—
Dawley rats (Rat A: @, Rat B: 0) at a laser power of 750 mW. Circles
represent ibuprofen concentration Gy, in the blood plasma, bars
indicate increase in ibuprofen concentration ACy, during NIR irradi-
ation. Each irradiation lasts 15 min. Curves serve to guide the eye. The
dye concentration differs from the in vitro experiments described in
Figure 1¢, as further optimization of the in vitro experiments were
performed during the long approval procedure for the in vivo experi-
ments.

(>43°C), the polymer strand was tightly wrapped in a
biopsy bag that is permeable for diffusing species, resulting
in a total implant diameter of 3—4 mm. The stagnant film of
bodily fluid in the biopsy bag seems to provide effective
insulation, as visual tissue inspection following removal of the
implant after the in vivo release experiments revealed no
tissue damage. The significant increase in systemic ibuprofen
concentration upon NIR irradiation clearly illustrates suc-
cessful in vivo release based on the glass transition switch.
When the trigger is turned off, the level of ibuprofen in the
blood plasma decreases rapidly owing to drug metabolism.
The increase in systemic ibuprofen concentration ((19.8 +
3.2) ngmL™') was similar during both cycles of on-demand
release in the two rats. Because of the somewhat complex
pharmacokinetics of ibuprofen that arise from storage in
tissue followed by slow release and degradation, it is not
possible to calculate exact release rates from these experi-
ments, making comparison with the in vitro experiments less
straightforward. The presence of ibuprofen in the blood
plasma before the first cycle is presumably caused by residual
ibuprofen on the surface of the implant.

NIR is especially effective for triggering drug release from
implants located at depths up to several centimeters.” For
higher penetration depths, scattering by tissue in this wave-
length region limits the use of NIR. Therefore, we have
performed explorative experiments similar to those described
above in which the applicability of alternative external
temperature triggers was demonstrated. On-demand drug
delivery was induced using therapeutic ultrasound (1-
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3 MHz), which is suitable for soft tissue applications owing
to the difference in attenuation between water/tissue and the
polymer (see the Supporting Information). Drug release was
also triggered using an alternating magnetic field to heat
polymer strands containing superparamagnetic iron oxide
nanoparticles (see the Supporting Information). Magnetism is
especially promising, as it allows triggering inside the entire
human body. The use of various triggers underlines the
versatility of this T,-based switching mechanism for pulsatile
drug release.

To conclude, we have demonstrated repeated and repro-
ducible on/off drug release by non-invasive selective heating
of the implant using near-infrared radiation (NIR), both
during in vitro and in vivo experiments, attaining on—off ratios
in excess of 1000. Release of ibuprofen below T, was
extremely low, and was attributed to the spontaneous
formation of a glassy surface layer, whereas in the rubbery
state (7> T,) ibuprofen readily diffused out of the implant.
The concept presented herein permits long-term and patient-
friendly administration of a wide variety of medicines, ranging
from systemic dosing of drugs with low oral bioavailability to
drugs required locally. It should be mentioned that the use of
PLDL might limit long-term applications owing to its
biodegradability. Therefore, current research efforts are
focusing on the development of alternative non-biodegrad-
able polymer that have sufficient low off-release at 37°C. We
believe that the presented concept has a broad application
possibility using different polymer matrices in combination
with a variety of plasticizing drugs.

Potential applications of the reported on-demand drug
delivery concept are envisioned for patients suffering from a
chronic pain disorder or recurring inflammations, such as
rheumatoid arthritis, and these patients would benefit from
dosing at will. Cell damage caused by relatively potent drugs
during chemotherapy could be suppressed by localized on-
demand administration.’”) Patients known to be at risk of
acute and lethal conditions could instantly provide the
required antidote, such as antihistamines in the case of
anaphylactic shock. We anticipate that the results described
herein can lead to the development of new clinical treatment
systems and enable patient-controlled self-administration.

Experimental Section
Strands of poly(b,L-lactic acid) (PLDL, M,, =460 kDa relative to PS
standard, amorphous copolymer of 70% L-lactide and 30% D,L-
lactide, Purac) oversaturated with 40 wt% ibuprofen (Genfarma)
were prepared in a custom-built twin-screw minicompounder
(capacity: 5g, T,,=165°C). Strands of PBMA-MMA (M, =
150 kDa, Sigma—Aldrich) were prepared in a similar manner.
Compounded strands (diameter ca. 2 mm, length ca. 20 mm, weight
ca. 100 mg) were coated with a quaterrylenebis(dicarboximide)
derivative (QBDC, BASF) by dip-coating twice in a 4.5% w/w
solution of PLDL in tetrahydrofuran (Biosolve) containing QBDC.

The increase in surface temperature of a QBDC-coated polymer
strand when irradiated by NIR was measured using a non-contact
infrared sensor (SP I-TEC 2060, Sensor partners B.V.). The sensor
was fixed in an XYZ translator (PT3, Thorlabs GmbH) to allow exact
positioning of the sensor relative to the sample.

In vitro temperature induced release studies were performed by
transferring a screw-cap jar containing a PLDL strand in 50 mL
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phosphate buffered saline (PBS, pH 7.4, Sigma) from a 37°C to a
55°C water bath (Grant OLS 200). In vitro NIR-induced release
studies of a PLDL strand were performed in a custom-made 54 mL
jacketed glass vessel (T'=37°C) completely filled with PBS and
sealed with a glass cover. The fiber-coupled CW-laser diode module
(HPM (Power Technology, Inc.), A =785 nm, N.A. =0.22) was fixed
16 mm above the PLDL strand. All in vitro samples (500 uL) were
analyzed by HPLC (C18 Discovery HS 150 x4.6 mm-3 pm,
50/50% v/v  acetonitrile/water (with 0.1% v/iv TFA), flow=
1.2mLmin"', UV detection at 223 nm). Fresh PBS solution was
added to maintain a constant system volume.

For the in vivo study, a PLDL strand was tightly wrapped in a
tissue specimen bag (Shandon) and implanted subdermally in male
Sprague-Dawley rats (280-300 g). The laser was kept at the same
distance (14 mm) from the skin of the lightly anaesthetized rat
(isofluorane inhalation; 2% at 250 mLmin~") throughout NIR
irradiation. Blood plasma samples (200 pL) were taken at predefined
intervals from a hind leg of the rats. Samples were centrifuged
(3000 rpm, 20 min) and analyzed by LC-MS/MS (Xterra C18, 50 x
2.1 mm-3.5 um, turbo ion spray (ESI) negative-ion-mode mass
detection). The protocol was approved by the Ethics Committee on
Animal Experiments of the University of Maastricht (DEC protocol
#2006-066).

Received: July 28, 2009
Revised: September 23, 2009
Published online: November 26, 2009

Keywords: controlled release - drug delivery - glass transition -
polymers

[1] R. Langer, Chem. Eng. Commun. 1980, 6, 1-48.

[2] S. Ghosh, J. Chem. Res. 2004, 4, 241 -246.

[3] S. Freiberg, X. X. Zhu, Int. J. Pharm. 2004, 282, 1-18.

[4] S.R. Sershen, J. L. West, Adv. Drug Delivery Rev. 2002, 54,
1225-1235.

[5] A.C. Richards Grayson, L. S. Choi, B. M. Tyler, P. P. Wang, H.
Brem, M. J. Cima, R. Langer, Nat. Mater. 2003, 2, 767-772.

[6] J. Kost, R. Langer, Adv. Drug Delivery Rev. 2001, 46, 125-148.

[7] J. Kost, K. Leong, R. Langer, Proc. Natl. Acad. Sci. USA 1989,
86, 7663 —7666.

[8] C. Aschkenasy, J. Kost, J. Controlled Release 2005, 110, 58— 66.

[9] I. C. Kwon, Y. H. Bae, S. W. Kim, Nature 1991, 354, 291 -293.

[10] K. C. Wood, N. S. Zacharia, D. J. Schmidt, S. N. Wrightman, B. J.

Andaya, P. T. Hammond, Proc. Natl. Acad. Sci. USA 2008, 105,
2280-2285.

[11] J. T. Santini, M. J. Cima, R. Langer, Nature 1999, 397, 335-338.

[12] J. H. Prescott, S. Lipka, S. Baldwin, N. F. Sheppard, Jr., J. M.
Maloney, J. Coppeta, B. Yomtov, M. A. Staples, J. T. Santini, Jr.,
Nat. Biotechnol. 2006, 24, 437 —-438.

[13] S. R. Sershen, S. L. Westcott, N. J. Halas, J. L. West, J. Biomed.
Mater. Res. 2000, 51, 293-298.

[14] N. S. Satarkar, J. Z. Hilt, J. Controlled Release 2008, 130, 246 —
251.

[15] R. Langer, Nature 1998, 392, 5-10.

[16] A.S. Huffman, A. Afrassiabi, L. C. Dong, J. Controlled Release
1986, 4, 213 -222.

[17] Y. H. Bae, T. Okano, R. Hsu, S. W. Kim, Makromol. Chem.
Rapid Commun. 1987, 8, 481 -485.

[18] R. Hergt, R. Hiergeist, I. Hilger, W. A. Kaiser, Y. Lapatnikov, S.
Margel, U. Richter, J. Magn. Magn. Mater. 2004, 270, 345—-357.

[19] M. A. M. E. Vertommen, H.-J. L. Cornelissen, C. H. J. T. Dietz,
R. Hoogenboom, M. F. Kemmere, J. T. F. Keurentjes, J. Membr.
Sci. 2008, 322, 243 -248.

[20] C.J. Gannon, P. Cherukuri, B.1. Yakobson, L. Cognet, J.S.
Kanzius, C. Kittrell, R. B. Weisman, M. Pasquali, H. K. Schmidt,
R. E. Smalley, S. A. Curley, Cancer 2007, 110, 2654 -2665.

[21] T. Peng, Y.-L. Cheng, J. Appl. Polym. Sci. 1998, 70, 2133 -2142.

[22] S. K. Li, A. D’Emanuele, J. Controlled Release 2001, 75, 55-67.

[23] J. Zhang, C. H. Wang, Macromolecules 1987, 20, 683 —685.

[24] The in vitro release experiments using PBMA-MMA as polymer
matrix were performed with 40 wt % ibuprofen, which might not
be optimal in combination with PBMA-MMA as polymer
matrix. In-depth studies to elucidate the different behavior of
PBMA-MMA and PLDL are currently ongoing in our labora-
tories.

[25] J. Mobley, T. Vo-Dinh in Biomedical Photonics (Ed.: T. Vo-
Dinh), CRC, Boca Raton, FL, 2003, chap. 2.

[26] R. Weissleder, Nat. Biotechnol. 2001, 19, 316-317.

[27] Y. Geerts, H. Quante, H. Platz, R. Mahrt, M. Hopmeier, A.
Bohm, K. Miillen, J. Mater. Chem. 1998, 8, 2357 —2369.

[28] A. Bohm, M. Sieffert, T. Renner, Plast. Addit. Compd. 2005, 7,
34-35.

[29] G.F. V. Ismael, D.D. Rosa, M. S. Mano, A. Awada, Cancer
Treat. Rev. 2008, 34, 81 -91.

www.angewandte.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2009, 48, 9867-9870


http://dx.doi.org/10.1080/00986448008912519
http://dx.doi.org/10.1016/j.ijpharm.2004.04.013
http://dx.doi.org/10.1016/S0169-409X(02)00090-X
http://dx.doi.org/10.1016/S0169-409X(02)00090-X
http://dx.doi.org/10.1016/S0169-409X(00)00136-8
http://dx.doi.org/10.1073/pnas.86.20.7663
http://dx.doi.org/10.1073/pnas.86.20.7663
http://dx.doi.org/10.1016/j.jconrel.2005.09.025
http://dx.doi.org/10.1038/354291a0
http://dx.doi.org/10.1073/pnas.0706994105
http://dx.doi.org/10.1073/pnas.0706994105
http://dx.doi.org/10.1038/nbt1199
http://dx.doi.org/10.1002/1097-4636(20000905)51:3%3C293::AID-JBM1%3E3.0.CO;2-T
http://dx.doi.org/10.1002/1097-4636(20000905)51:3%3C293::AID-JBM1%3E3.0.CO;2-T
http://dx.doi.org/10.1016/j.jconrel.2008.06.008
http://dx.doi.org/10.1016/j.jconrel.2008.06.008
http://dx.doi.org/10.1016/0168-3659(86)90005-2
http://dx.doi.org/10.1016/0168-3659(86)90005-2
http://dx.doi.org/10.1002/marc.1987.030081002
http://dx.doi.org/10.1002/marc.1987.030081002
http://dx.doi.org/10.1016/j.jmmm.2003.09.001
http://dx.doi.org/10.1016/j.memsci.2008.05.044
http://dx.doi.org/10.1016/j.memsci.2008.05.044
http://dx.doi.org/10.1002/cncr.23155
http://dx.doi.org/10.1002/(SICI)1097-4628(19981212)70:11%3C2133::AID-APP6%3E3.0.CO;2-P
http://dx.doi.org/10.1016/S0168-3659(01)00365-0
http://dx.doi.org/10.1021/ma00169a037
http://dx.doi.org/10.1038/86684
http://dx.doi.org/10.1039/a804337j
http://dx.doi.org/10.1016/j.ctrv.2007.08.001
http://dx.doi.org/10.1016/j.ctrv.2007.08.001
http://www.angewandte.org

